Fusarium head blight is one of the most important and most common diseases of winter wheat. In order to better understanding this disease and to assess the correlations between different factors, 30 cultivars of this cereal were evaluated in a two-year period. Fusarium head blight resistance was evaluated and the concentration of trichothecene mycotoxins was analysed. Grain samples originated from plants inoculated with Fusarium culmorum and naturally infected with Fusarium species. The genetic distance between the tested cultivars was determined and data were analysed using multivariate data analysis methods. Genetic dissimilarity of wheat cultivars ranged between 0.06 and 0.78. They were grouped into three distinct groups after cluster analysis of genetic distance. Wheat cultivars differed in resistance to spike and kernel infection and in resistance to spread of Fusarium within a spike (type II). Only B trichothecenes (deoxynivalenol, 3-acetyldeoxynivalenol and nivalenol) produced by F. culmorum in grain samples from inoculated plots were present. In control samples trichothecenes of groups A (H-2 toxin, T-2 toxin, T-2 tetraol, T-2 triol, scirpentriol, diacetoxyscirpenol) and B were detected. On the basis of Fusarium head blight assessment and analysis of trichothecene concentration in the grain relationships between morphological characters, Fusarium head blight resistance and mycotoxins in grain of wheat cultivars were examined. The results were used to create of matrices of distance between cultivars -for trichothecene concentration in inoculated and naturally infected grain as well as for FHB resistance Correlations between genetic distance versus resistance/mycotoxin profiles were calculated using the Mantel test. A highly significant correlation between genetic distance and mycotoxin distance was found for the samples inoculated with Fusarium culmorum. Significant but weak relationships were found between genetic distance matrix and FHB resistance or trichothecene concentration in naturally infected grain matrices.
Fusarium head blight (FHB) is a disease of wheat caused by numerous fungal patgogens from the genus Fusarium -mainly Fusarium graminearum and F. culmorum (Bottalico and Perrone, 2002; Miller, 1994; Snijders and Perkowski, 1990) . The disease results in infection of spikes and contamination of a grain with Fusarium toxins such as deoxynivalenol (DON), nivalenol (NIV), zearalenone (ZEA) and many others (Bottalico and Logrieco, 1998; Chełkowski et al., 2001; Miller, 2008) .
The studies on resistance of cultivars can be divided into several approaches such as genetic background, characterization of the yield structure and the concentration of toxins in grains. Attempts to consolidate different types of research have been carried out already for a long time (Bai et al., 2001; Mesterhazy et al., 1999; Mesterhazy, 2002; Miedaner, 1997) . On the basis of the results, several theories were addressed concerning the mechanisms (types) of FHB resistance (Foroud and Eudes, 2009; Mesterhazy, 1995) . Different types of resistance were described or suggested. Initially, Schroeder and Christensen (1963) proposed two types: type I -resistance to initial infection; and type II -resistance to spread of the pathogen within the spike. These types were subsequently reported by other authors (Mesterhazy, 1995; Snijders and Kretching, 1992; Wang and Miller, 1988) . Type III was defined as resistance to kernel infection and type IV as resistance to DON accumulation by inhibition of toxin synthesis or chemical modification of DON (e.g. DON-glucoside) Foroud and Eudes, 2009; Mesterhazy, 1995; Miller and Arnison, 1986; Snijders and Perkowski, 1990; Wang and Miller, 1988) . Type V is responsible for tolerance, i.e. the ability of a genotype to produce a higher yield than another at the same level of head blight severity or tolerance to DON manifested by low kernel damage despite high DON content (Foroud and Eudes, 2009; Mesterhazy et al., 1999; Mesterhazy, 1995) . Different inoculation techniques as well as other assessment techniques are supposed to be used to precisely characterize genotype reaction to Fusarium head blight (Miedaner et al., 2003; Van Ginkel and Gilchrist, 2002) .
However, none of the resistance mechanisms described have given complete picture of the complex nature of the FHB resistance. Hence, new approaches to the FHB resistance, such as metabolomics, genomics, etc have been emerged in recent years (Gunnaiah et al., 2012; Kumaraswamy et al., 2011; Rutkoski et al., 2012) .
In our research we decided to use a slightly different approach to this issue, mainly to create matrices of genetic distance, FHB resistance distances and mycotoxin distance based on concentrations of trichothecenes in the grain of cultivars grown without treatment (controls) and inoculated with F. culmorum. Genetic distance between wheat cultivars was determined using inter-simple sequence repeat (ISSR) analysis. This type of molecular markers is characterized by high stability and reproducibility, abundance of genomic information, low operational cost and low labour intensity (Moreno et al., 1998; Shen et al., 2006) . This technique was successfully used for the evaluation of genetic diversity and for fingerprinting varieties of species in the Gramineae family (Blair et al., 1999; Emel, 2010; Hai et al., 2007; Mitrofanova et al., 2009; Najaphy et al., 2011; Tams et al., 2004) .
The purpose of the experiments was to determine the resistance of winter wheat cultivars by comparing the created matrices. In order to achieve this, statistical analysis was carried out based on the genetic distance relationships between FHB resistance and tolerance and accumulation of mycotoxins. Multivariate analysis and the Mantel test were applied for assessing the relationship between genetic distance and mycotoxin accumulation for 30 winter wheat cultivars naturally infected with Fusarium spp. and artificially inoculated with strains of F. culmorum.
Materials and Methods
Plant material. Thirty cultivars of winter wheat (Triticum aestivum L.) were evaluated. These cultivars were listed in the Polish National List of Agricultural Plant Varieties drawn up by the Research Centre for Cultivar Testing (COBORU http://www.coboru.pl). Cultivars 'Muszelka', Bogatka', 'Tonacja', 'Ostroga', 'Legenda' and 'Akteur' had the largest share in the wheat area in Poland according to the COBORU report (2012) . The cultivars differed in the morphological characters and pedigree (Table 1) .
Field experiment. Two field experiments were performed in 2010 and 2011 in the experimental field of the stateowned research institute -the Plant Breeding and Acclimatization Institute (PBAI) in Radzików, Central Poland (GPS coordinates: 52.211754, 20.631954) .
Both experiments were established as a randomized block design. Wheat cultivars were sown in 1 m 2 plots in six replicates/blocks. Three of them were a non-inoculated control and were located at about 15 m distance from inoculated blocks. Three Fusarium culmorum isolates producing deoxynivalenol (3ADON) (KF846, ZFR112), and nivalenol (NIV) (KF350) were applied for inoculum production. 3ADON chemotype isolates originated from Radzików, Poland and were isolated from wheat spikes (Ochodzki and Góral, 2006; Wiśniewska and Kowalczyk, 2005) . The NIV chemotype isolate (IPO348) originated from the Netherlands and was isolated from a wheat spike (Snijders and Perkowski, 1990) .
Isolates were incubated on autoclaved wheat kernels in glass flasks for about 1 week at 20 o C in darkness and next exposed to near UV light under a 16-h photoperiod for 3 weeks at 15 o C. The mycelium-colonized grain was air dried and stored in a refrigerator at 4 o C until usage. At the date of inoculation, the grain with Fusarium mycelium was suspended in tap water for 2 h and then filtered to obtain a conidial suspension. The suspensions from each of the three isolates were adjusted to 5 × 10 5 spores/ml with the aid of a haemocytometer. Equal volumes of suspension were mixed.
Wheat spikes were sprayed with a spore suspension at anthesis at a rate of 100 ml/m 2 . Inoculations were performed individually on each plot at the beginning of anthesis, and repeated about 3 days later at full anthesis.
Inoculations were carried out in the evening, when relative air humidity was increasing. The disease was first rated at about 14 days after the last inoculation. Two ratings were done at an interval of 10 days. Fusarium head blight (FHB) was scored based on the mean percentage of blighted spikelets per infected spike (disease severity) and the percentage of infected spikes per plot (disease incidence). Fusarium head blight index was calculated as the combination of disease severity and disease incidence.
After ripening, 100 spikes were harvested manually from each plot and threshed with a laboratory thresher at a low wind speed to prevent loss of low-weight infected kernels. The percentage of Fusarium damaged kernels (FDK) was assessed visually by dividing the kernel sample into two categories: healthy kernels (plump, normal colour, no visual infection; slightly shrivelled of normal colour) and infected kernels showing different levels of damage (discoloured kernels of normal size or slightly shrivelled; pinkish-white, shrivelled kernels = 'tombstone') (Argyris et al., 2003) .
Resistance to Fusarium spread (type II).
Resistance to spread of Fusarium within a spike (type II) was assessed in four experiments under semi-controlled conditions. Experiments were conducted in foliar tents equipped with a mist irrigation system. Spikes of wheat were point in- (Buśko et al., 2014; Nielsen et al., 2012; Ochodzki and Góral, 2006) . Prior to the experiment, aggressiveness of the isolates was tested on the set of wheat cultivars differing in FHB resistance (data not shown). Concentration of spore suspension was adjusted to 50,000 spores/ml. A droplet of 50 µl of suspension was injected into two flowers in the central spikelet of a spike using a self-refilling syringe. Five spikes per cultivar were inoculated with each isolate. After inoculation, high humidity was maintained. Spike infection with Fusarium was assessed 21 days after inoculation by calculation of the number of visually infected spikelets below the infection point.
Analysis of trichothecenes.
Grain samples were analysed for the presence of trichothecenes according to Perkowski et al. (2007) . Sub-samples (10 g) were extracted with acetonitrile/water (82:18) and cleaned up on a charcoal column (Celite 545/charcoal Draco G/60/activated alumina neutral 1:1:1 (w/w/w). Trichothecenes of group A (H-2 toxin, T-2 toxin, T-2 tetraol, T-2 triol, scirpentriol [STO] , diacetoxyscirpenol [DAS]) were analysed as TFAA derivatives. To the dried sample the amount of 100 μl of trifluoroacetic acid anhydride was added. After 20 min, the reacting substance was evaporated to dryness under nitrogen.
The residue was dissolved in 500 μl of isooctane and 1 μl was injected onto a gas chromatograph-mass spectrometer. Trichothecenes of group B (DON, NIV, , 15-acetyldeoxynivalenol [15-Ac-DON]) were analysed as TMS (trimethylsilyl ether) derivatives. To the dried extract the volume of 100 μl TMSI/ TMCS (trimethylsilyl imidazole/trimethylchlorosilane, v/ v 100/1) mixture was added. After 20 min, 500 μl of isooctane were added and the reaction was quenched with 1 ml of water. The isooctane layer was used for the analysis and 1 μl of the sample was injected on a GC/MS system. The analyses were run on a gas chromatograph (Hewlett Packard GC 6890) hyphenated to a mass spectrometer (Hewlett Packard 5972 A, Waldbronn, Germany), using an HP-5MS 0.25 mm × 30 m capillary column. The injection port temperature was 280ºC, the transfer line temperature was 280ºC and the analyses were performed with programmed temperatures, separately for group A and B trichothecenes. Group A trichothecenes were analysed using the following programmed temperatures: initial 80ºC held for 1 min, from 80ºC to 280ºC at 10ºC/min, and the final temperature maintained for 4 min. For group B trichothecenes the initial temperature was 80ºC, held for 1 min, from 80ºC to 200ºC at 15ºC/min held 6 min and from 200ºC to 280ºC at 10ºC/min, while the final temperature was maintained for 3 min. The helium flow rate was held constant at 0. Estimation of genetic distance. Total genomic DNA was extracted from young, healthy leaf tissue using a Genomic Mini AX Plant kit (A&A Biotechnology). Each cultivar was represented by one bulk sample. DNA quantity was determined spectrometrically (NanoDrop Spectrophotometer ND-1000) and its quality was assessed by electrophoresis on 1.5% agarose. PCR amplification was carried out according to the Boczkowska and Tarczyk (2013) protocol. A set of eight ISSR primers (University of British Columbia) was used (Table 2 ) (Boczkowska and Tarczyk, 2013) . The amplified products were separated and visualized using the capillary sequencer ABI 3130xl Genetic Analyzer. A 36 cm capillary array filled with polymer POP-7 was used. The length of fragments was assessed against the GeneScan1200 LIZ Size Standard (Applied Biosystems).
The length of the analysed fragments was determined using GeneMapper (Applied Biosystems) software and transformed into a binary character matrix where the presence of each reproducible fragment was scored as 1, and its absence as 0. Genetic distance for each pair of accessions was estimated according to the Dice formula (Dice, 1945) in FAMD 1.25 (Schlüter and Harris, 2006) An analysis of marker performance was carried out. For each marker the percentage of polymorphic fragments and polymorphic information content (PIC) were calculated (Roldan-Ruiz et al., 2000) . PIC was computed as PIC i = 2f i (1 − f i ) where PIC i is the polymorphic information content of marker 'i' and f i is the frequency of the amplified allele (Roldan-Ruiz et al., 2000) .
Statistical analysis.
Wheat cultivars were grouped according to their genetic dissimilarity using the agglomerative hierarchical clustering (AHC) method. Analysis was performed by means of the UPGMA (Unweighted pair group method with arithmetic mean) and Ward algorithms. Multivariate principal coordinate analysis (PCoA) was also applied for grouping of wheat cultivars.
Analysis of variance of FHB index and Fusarium damaged kernels (FDK) (incorporating Tukey's pairwise comparison of cultivars at the 5% level of significance) was performed using the 'Mixed models' procedure of XLSTAT. Experimental years constituted a random factor in the model. For resistance of type II the 'ANOVA' procedure was applied with Fusarium isolate and cultivar as fixed factors and inoculated spike as a factor nested within cultivar.
The relationships between variables were investigated by Pearson correlation tests ('Correlation tests' procedure). Prior to analysis data which did not follow a normal distribution (flowering, all mycotoxins in inoculated and control samples) were log transformed to stabilize variances.
In order to group cultivars according to their resistance to FHB the k-means clustering method was used ('k-means clustering' procedure). Groups of cultivars were formed based on the description of their resistance using FHBi, FDK, resistance of type II, DON, 3-AcDON, and NIV. The trace (W) classification criterion was applied. As this criterion is sensitive to effects of scale, all variables were standardized prior to the analysis. Groups were visualised using discriminant analysis ['Discriminant Analysis (DA)' procedure].
Genetic dissimilarity between cultivars was correlated with the phenotypic dissimilarity matrix. The matrix was calculated using the Mahalanobis distance proximity measure for FHB index, FDK, 'type II' resistance, and DON, 3-AcDON and NIV concentrations in 2010 and 2011. Genetic dissimilarity was also correlated with dissimilarity in Fusarium toxins accumulation between cultivars. Two mycotoxin dissimilarity matrices were calculated for mycotoxin concentrations in inoculated and naturally infected samples from 2010 and 2011 using the Mahalanobis distance proximity measure. Correlations between matrices were calculated with the Mantel test ('Mantel test' procedure).
The statistical analysis was performed using Microsoft 
Results and Discussion
Genetic distance. A total of 270 fragments were obtained using eight ISSR primers and 62.9% of them were polymorphic. The range of polymorphic fragments for each primer was 0.48-0.83. The average number of fragments and polymorphic fragments per primer was 33.75 and 21.25, respectively, and it was much higher than observed in the previous studies for wheat ISSR (Carvalho et al., 2009; Najaphy et al., 2011) . This is undoubtedly the result of using high-resolution capillary electrophoresis instead of the commonly used agarose gels. The average value of PIC was moderate (0.21). Maximum PIC was obtained for UBC 834 (0.34), while the minimum value was demonstrated by UBC 856 (0.14). Comparable results were obtained for wheat (Najaphy et al., 2011 ) , oat (Boczkowska and Tarczyk, 2013; Boczkowska et al., 2014) and goatgrass (Thomas and Bebeli, 2010) . For more details see Table 2 . Genetic dissimilarity of cultivars ranged between 0.06 ('Anthus' vs. 'Belenus') and 0.78 ('Zyta' vs. 'Muszelka') with the average equal to 0.39. The mean value is much lower than obtained for 172 European winter wheat elite lines by SSR and SNP markers (Würschum et al., 2013) . This resulted from the fact that in the cited article lines and cultivars came from more diverse market than one country. Lower value of mean genetic distance in our study is also related to the presence of relatively large group of cultivars with similar genetic make-up as it is clear from cluster analysis and principal coordinate analysis graphs (Figs. 1 and 2). At the same time, higher diversity of cultivars derived by Polish breeding companies was noted in compari- son with the foreign ones (0.45 and 0.28 respectively). Of course, this might be the direct result of over-representation of indigenous forms in the tested material but it could also indicate greater richness of well adopt to local climatic condition Polish breeding materials. In general, range of genetic distance among authorised advanced cultivars is specific to the individual countries. Thus the maximum genetic distance of Polish cultivars is higher than obtained for Egyptian and Greek ones (Abdellatif and AbouZeid, 2011) , comparable to the Croatian, Pakistani and Chinese cultivars (Maric et al., 2004; Zeb et al., 2009; Zhang et al., 2011) or lower than European elite lines (Würschum et al., 2013) . Crops improvement is directly related to genetic diversity, which in wheat had been dramatically narrowed in 1960s and since then has been steadily increasing due to modern breeding (Sears, 1981; van de Wouw et al., 2010) . Therefore, incorporation of genetic diversity studies into biotic and abiotic stress resistance breeding became a standard. Thirty wheat cultivars were grouped into three distinct groups after cluster analysis (AHC) of genetic distance (Fig.  1) . The most distant cluster (A) consisted of five cultivars: 'Bogatka', 'Garantus', 'Muszelka', 'Smuga', 'Sukces'. Two cultivars formed the next cluster (B) -'Markiza' and 'Zyta'. The last 23 cultivars were grouped in the third cluster (C). This cluster could be further divided into subclusters: C1 -grouping five cultivars: 'Figura', 'Batuta', 'Legenda', 'Slade', 'Meteor'; C2 -grouping 2 cultivars: 'Turkis' and 'Akteur', and C3 -grouping the remaining 16 cultivars. A similar pattern was obtained through principal coordinate analysis (Fig. 2) .
Only a weak relationship between the genetic distance and pedigree was observed. For example, three cultivars, 'Sukces', 'Tonacja' and 'Zyta', were selected from the same cross but were grouped in three distant clusters. Table 1 .
Fig. 2.
Principal coordinate analysis based on genetic dissimilarity among 30 cultivars of winter wheat, estimated with the Dice genetic similarity coefficient. Groups corresponding to those identified by cluster analysis marked with circles. Cultivar numbers correspond to those in Table 1. Greater convergence of genetic distance and the pedigree of these three cultivars was presented by SSR markers (Stępień et al., 2007) . In contrast, cultivars 'Zyta' and 'Markiza' sharing a common pedigree were grouped in the same cluster (Table 1) . 'Markiza' was selected from a cross with 'Zyta' as parentage. Fernandez et al. (2002) analysed phylogenetic relationships of 16 barley cultivars from different countries, with a known pedigree. Grouping of cultivars agreed very well with their growth habit (spring vs. winter) and spike type (2-row vs. 6-row). However, regarding cultivar pedigree, there was no such clear grouping. Some cultivars with a common pedigree were grouped in different clusters, while conversely cultivars not related were grouped in the same cluster. In this research, only winter type cultivars with the same spike type were studied. Only three cultivars were awned ('Mewa', 'Ostroga', and 'Ostka Strzelecka'). They were in the same large cluster C3, but were not closely related; despite that 'Mewa' is the parental form of 'Ostroga'. Fernandez et al. (2002) stated that a weak relationship between pedigree and cultivar genetic similarity was the effect of selection in breeding programmes. Using different selection strategies for progenies of a common cross can create genetically distant cultivars. In a paper on European winter triticale, Tams et al. (2004) found significant genetic variation among breeding companies (15.3%). It was much lower than variation within companies (84.7%), but much higher than molecular variance due to breeding programmes for sugar beet (2.6%), maize (10.2%), or soybean (12.4%). Najaphy et al. (2011) evaluated genetic diversity in 30 Iranian wheat cultivars and breeding lines of wheat. They were more phenotypically variable than the cultivar set analysed in our research. The ISSR analysis grouped cultivars and lines in five clusters. No relation was observed between clusters and phenotypic character or geographic origin of wheat genotypes. Dashchi et al. (2012) found a high level of genetic similarity in a collection of Iranian bread wheat using ISSR markers. They concluded that wheat breeding programmes have narrowed the genetic basis of Iranian bread wheat germplasm. A different story was found for triticale cultivars (Emel, 2010) . The author found that 11 cultivars were grouped according to their country of origin (Poland, Turkey, USA). On the other hand, two distinct clusters were formed by cultivars depending on the origin of seed material. The author explained this by occurrence of cross-pollination between cultivars. It is known that in triticale considerable outcrossing rates can occur.
Fusarium head blight resistance. Wheat cultivars differed in their earliness, height and length of spike as well as in resistance to spike and kernel infection and in resistance of type II after inoculation with F. culmorum or F. graminearum isolates (Table 3) .
The average FHB index was 18.1% (21.1% in 2010 and 15.2% in 2011). It ranged from 8.5% (cv. 'Legenda') to 33.3% (cv. 'Muszelka'). Three cultivars were highly resistant to spike infection -'Legenda', 'Dorota' and 'Akteur -and two were found highly susceptible -'Muszelka' and 'Belenus'. The percentage of Fusarium damaged kernels was 25.2% on average (12.6% in 2010 and 37.9% in 2011). It ranged from 14.9% (cv. 'Ostroga') to 36.8% (cv. 'Belenus'). The lowest FDK was found in 3 cultivars -'Ostroga, 'Boomer' and 'Jenga'.
Differences in spike and kernel infection in two experimental years were the result of contrasting weather conditions (Table 4 ). In 2010, precipitation during heading and flowering was much higher than in 2011. It resulted in higher spike infection in 2010. However, FHB indexes in 2010 and 2011 correlated significantly (r = 0.607). Next, during FHB development precipitation was much higher in 2011 and was accompanied by lower daily temperature than in 2010. As a result, the FDK proportion was found 3 times higher in 2011 than in 2010. No significant correlation between FDK in 2010 and 2011 was found. A similar relationship was observed for Fusarium mycotoxins, which is described in the next subsection. Cowger et al. (2009) found that post-flowering moisture had a significant enhancing effect on FHB, FDK, DON, and percent infected kernels of wheat. Authors used mist irrigation system and tested different durations of misting. They concluded that increasing numbers of wet days after flowering were associated mainly with increased disease symptoms, which in turn resulted in yield reduction and increased DON level. Similarly, Xu et al. (2007) found that FHB symptoms and concentration of mycotoxins increased with increasing length of wetness period and temperature. Kriss et al. (2012) observed that several environmental variables were associated with disease severity, fungal biomass in grain, and mycotoxins. However, the magnitude of the correlations was not high. It is suggested, that also other factors might affect the FHB severity and mycotoxin concentration (Kriss et al., 2012) .
The number of infected spikelets (type II resistance) was on average 2.95. It ranged from 1.52 (cv. 'Markiza') to 4.74 (cv. 'Kampana'). Four cultivars showed the highest resistance of type II -'Markiza', 'Meteor', 'Legenda' and 'Mulan'. The lowest level of this resistance was found in three cultivars -'Belenus', 'Türkis', and 'Kampana'. The cultivar 'Muszelka', having the most infected heads in the field experiments, showed medium resistance of type II.
Correlation of morphological characters of wheat cultivars with FHB resistance parameters revealed a significant negative effect of flowering time on FHB index (Table 5) . Plant height did not correlate significantly with FHB index or 'type II' resistance, but a clear negative tendency was visible. The four shortest cultivars ('Kampana', 'Muszelka', 'Slade', 'Alcazar') were within the group of the highest infected cultivars, but the tallest cultivar, 'Ludwig', was also highly infected.
Coefficients were negative, showing slower disease development on spikes of taller cultivars. The lower infection of taller genotypes is mainly the result of morphology and different microclimate of a spike (Mesterhazy, 1995 (Mesterhazy, , 2002 Yan et al., 2011) . However, higher susceptibility of short cultivars may result also from presence of the semidwarfing gene Rht-D1b (Rht2) Kollers et al., 2013) . Draeger et al. (2007) reported that this relationship is due to either linked genes conferring FHB susceptibility and/or a pleiotropic physiological effect of the dwarfing allele at RhtD1 enhancing susceptibility. It was found that Rht-D1b affected mainly type I resistance (incidence) rather than the type II resistance (spread of pathogen) (Srinivasachary et al., 2009 ). However, Kollers et al. (2013) found significant marker-trait associations of Rht-D1 for both FHB incidence and FHB severity. The two most infected cultivars in our research had parents carrying Rht1-D1b genes. These were the cultivar 'Muszelka' (dwarfing gene from cv. 'Rubens') and cv. 'Belenus' (dwarfing gene from cv. 'Hussar') Voss et al., 2008) .
The FHB index significantly correlated with the FDK percentage (Table 5) . Moderate correlation coefficients were the result of low variability in the FHB index and FDK proportion in the studied set of commercial wheat cultivars not carrying highly effective resistance genes. However, the majority of wheat cultivars registered and grown in Poland are less susceptible compared with e.g. UK cultivars (Kollers et al., 2013; Nicholson et al., 2008) . In more diverse experimental populations these coefficients may be very high (Mesterhazy, 2002; Mesterhazy et al., 2008) .
Type II' resistance (to pathogen spread within a spike) had a significant but low effect on FHB index score in the field experiments (Table 5 ). This suggests that FHB development in the field, spray inoculated experiments was determined also by other factors. These could be: resistance to initial infection (type I), flowering type (Skinnes et al., 2010) , and plant height (described above). 'Type II' resistance was correlated with spike length, which however had no effect on FHB index under field conditions.
Fusarium toxin -inoculated samples.
Trichothecenes of group A and B were detected in the wheat samples (Table  6 ). In grain samples from inoculated plots in both years, only B trichothecenes produced by F. culmorum were present. The mean DON content found in the wheat samples Values in bold are different from 0 with a significance level of P ≤ 0.05.
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were significantly higher in 2011 than in 2010 according to the Kruskal-Wallis test. Fusarium toxin concentrations in inoculated grain samples from both experimental years correlated significantly (Table 7) . Correlations between different B trichothecenes in 2010 as well as in 2011 were also significant. This suggests that genetic resistance to this group of toxins was present in studied wheat cultivars, despite the lack of alleles for resistance present in Chinese germplasm such as Sumai 3 (Fhb1) or Wangshuibai (Fhb2) etc. (Buerstmayr et al., 2009) . It was confirmed in published papers on wheat resistance (Horevaj et al., 2011) and effects of application a, b -identical letters in rows denote a lack of significant differences with a significance level of P = 0.001. of purified DON and NIV to wheat spikes (Lemmens et al., 2008) . Significant correlations were observed between FHB index and FDK vs. mycotoxin content ( Table 8 ).
The correlation of FHB symptoms and concentration of Fusarium toxins in grain in different studies is very variable. Coefficients ranged from low to medium to very high (Burlakoti et al., 2010; Miedaner and Perkowski, 1996; Miedaner, 1997; Mesterhazy et al., 1999 Mesterhazy et al., , 2006 Mesterhazy et al., , 2008 Tamburic-Ilincic et al., 2011) . This is due to the strong impact of environmental conditions on mycotoxin production in the field experiments. As was reported e.g. by Lemmens et al. (2004) or Cowger and Arellano (2013) , a DON level in a harvested grain was strongly modified by weather conditions. The same spike infection symptoms or kernel damage associated with different environmental conditions did not result in the same DON levels. Moreover, DON accumulated in grain can be leached from spikes, being a watersoluble compound (Gautam and Dill-Macky, 2012; Góral -unpublished; Perkowski et al., 2008) . The other factor is heterogeneity of the populations tested. Narrow variability in the population (i.e. only medium resistant/susceptible genotypes without major FHB resistance genes) causes a stronger effect of the environment on the results (Mesterhazy et al., 2006) . Large differences between genotypes give more stable results and higher correlations between symptoms and mycotoxin content, e.g. Mesterhazy (2002) or Mesterhazy et al. (2008) . In this study the population of cultivars can be characterized as moderately resistant; thus relations between different types of resistance were less stable than could be expected from highly resistant genotypes like 'Sumai 3' or highly susceptible ones. When analysing linear regressions of variables from Table 8 , we found that some cultivars were far from the regression line. Figure 3 shows the relationship between FDK and DON concentration (log transformed). Kernels of the cultivar 'Belenus' were highly damaged by Fusarium (FDK = 36.8%), but DON concentration in grain was low (1.986 mg/kg). Two other cultivars also show low DON content despite medium kernel damage -'Jenga' and 'Meteor'.
The cultivar 'Belenus' probably carries the Rht1-D1b gene inherited from the parental cv. 'Hussar'. As mentioned above, this gene is associated with increased susceptibility to spike infection. However, it seems that 'Belenus' possesses a mechanism of resistance to toxin accumulation (resistance type V) of unspecified mechanism -degradation, detoxification or inhibition (Foroud and Eudes, 2009) . Detoxification of DON is a process of chemical modification of toxin in planta to the chemical form of reduced toxicity for the host. The only reported modification is glycosylation or conjugation of trichothecene to glucose Boutigny et al., 2008) . The resulting compound is DON-3-glucoside. It is less toxic to the plant and is not detected using routine procedures of trichothecenes analysis. The other mechanism -inhibition of toxin biosynthesis, may be triggered by compounds present in the kernel or induced as a response to the pathogen attack (Boutigny et al., 2008) . Compounds with antioxidant properties, like phenolic compounds, peptides or carotenoids, as well as with pro-oxidant properties, like hydrogen per- Values in bold are different from 0 with a significance level P ≤ 0.05; 1 variables log transformed. Table 1 .
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oxide or linoleic acid-derived hydroperoxides are reported as affecting mycotoxin biostynthesis. Correlations between DON, 3-AcDON and NIV were significant; however, coefficients for NIV were lower. We found that some cultivars deviated from linear regression and accumulated more NIV. These were low DON accumulating cultivars 'Meteor', 'Ostka Strzelecka' and 'Legenda' as well as high DON accumulating cultivars 'Batuta', 'Markiza' and 'Figura'. Miedaner and Reinbrecht (2001) found such deviation of some genotypes previously for wheat. As it was found by Lemmens et al. (2008) Fhb1 resistance gene was effective in reduction of symptoms both after wheat inoculation with DON-or NIV-producing isolates. The same was observed by Toth et al. (2008) in the experiment including also wheat lines not possessing Fhb1 gene. DON concentration in the spike was reduced by conjugating this toxin to glucose resulting in DON-3-glucoside (Lemmens et al., 2008) . DON glycosylation was postulated by Lemmens et al. (2005) as main FHB resistance mechanisms, accompanied by other mechanisms like inhibition of toxin biosynthesis or cell wall thickening due to deposition of phenylpropanoids (Boutigny et al., 2008; Gunnaiah et al., 2012) . Authors suggested possibility that Fhb1 encodes a glucosyl transferase that is effective against Fusarium strains that produce DON or similar trichothecenes. NIV concentrations did not differ between Fhb1 lines and nonFhb1 lines (Lemmens et al., 2008) . Authors detected presence of NIV-glucoside but only at trace amounts. They hypothesised that the detoxification mechanisms of DON and NIV differed. This could partially explain differences in DON/NIV ratio for different cultivars in the present study.
K-means analysis of data on FHB resistance and mycotoxins content grouped cultivars according to their FHB resistance of different types (Fig. 4, Table 9 ). Group (class) 1, comprising 12 cultivars, could be characterised by low spike infection, low kernel damage and low Fusarium toxin content in grain. Cultivars in the group 2 had more susceptible spikes and higher kernel damage and accumulated more toxins than cultivars from group 1. The two groups did not differ in resistance of type II. Group 3 comprised the six most susceptible cultivars as regards spike infection and DON accumulation. However, they had similar FDK as cultivars in the group 2.
Fusarium toxins -naturally infected samples. In grain samples naturally infected with Fusarium, trichothecenes of both groups A and B were detected (Table 6 ). The concentration of DON was the highest -0.061 mg/kg on average ( Table 1 . (Stępień et al., 2008) . Presence and concentration of Fusarium toxins in naturally infected wheat are generally in accordance with data on occurrence of Fusarium species on wheat in Poland. According to the published data, the dominant species on wheat spikes and kernels was F. graminearum, with F. culmorum as the second species (Bottalico and Perrone, 2002; Chełkowski et al., 2012; Góral et al., 2012; Perkowski et al., 1990) . In most samples, presence of DAS was detected. The main producers of this toxin are F. langsethiae, F. poae and F. sporotrichioides (Kokkonen et al., 2012; Schollenberger et al., 2007; Stenglein, 2009; Thrane et al., 2004) . Occurrence of F. langsethiae on wheat in Poland was confirmed in 2008, but this species was found mainly in Northern Poland (Góral et al., 2011; Góral -unpublished; Łukanowski et al., 2008) . The other DAS producer F. poae was frequently isolated from wheat spikes and kernels in Poland (Góral et al., 2011; Goliński et al., 1996) . This is a weak pathogen of cereal spikes, but is widespread on wheat in Poland (Góral et al., 2011; Vogelgsang et al., 2008; Góral -unpublished) . F. poae is also known as an NIV producer (Schollenberger et al., 2006; Thrane et al., 2004) . Despite this we detected NIV in only a few samples and no traces of this toxin in other samples. In Poland NIV was found primarily in oats infected by F. poae (Perkowski et al., 1997) . Edwards et al. (2012) found that the correlation of NIV concentration in oat grain and F. poae DNA was highly significant but only accounted for 9% of the variance, indicating that F. poae was partly responsible for nivalenol present within UK oats but was not the main producer. Other NIV producers infecting wheat, namely F. graminearum and F. culmorum of NIV chemotype, are not frequent in Poland. Stępień et al. (2008) found that only 12% of F. graminearum isolates displayed the NIV chemotype. DON content highly correlated with NIV (r = 0.604) as well as the group A trichothecene STO (r = 0.653). Regarding trichothecenes of group A, concentration of HT-2 was correlated significantly with T-2 tetraol and T-triol toxins (r = 0.765 and r = 0.729). This correlation shows that these toxins were produced by the same species infecting wheat spikes (Thrane et al., 2004) . A highly significant correlation between DON and STO was also found. Samples containing the highest concentration of DON were also contaminated with STO. Probably spikes/plots infected by DON producers were also infected by STO producing species (Perkowski et al., 2003; Schollenberger et al., 2007) .
Concentration of trichothecenes A and B did not correlated significantly with FHB index or with proportion of FDK after inoculation with F. culmorum. Similarly, there were no correlations with concentrations of trichothecenes B in inoculated samples. However, we found significant relationships between resistance of type II (to fungal spread) and concentration of trichothecenes B -DON, 15-AcDON and NIV (Table 10) . Moreover, type II resistance correlated with trichothecene A -STO and sum of toxins of this group. Resistance to Fusarium spread within the wheat head is mainly associated with resistance to DON and related trichothecene B -NIV. During the FHB pathogenesis trichothecenes are produced by Fusarium to cause necrosis of wheat tissue which next is colonised by Fusarium mycelium (Gunnaiah et al., 2012) . The major FHB resistance gene Fhb1which explains up to 60% of variation for type Variables log transformed.
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II resistance was also responsible for reduction of DON or NIV accumulation (Buerstmayr et al., 2009; Lemmens et al., 2008) . At high infection pressure, after spray inoculation with F. culmorum the effect of type II resistance on head infection or DON content was low. In our field experiments natural pressure of Fusarium infection was low, which is obvious from a low concentration of toxins in control samples. Under these conditions, resistance of type II was reducing infection with different Fusarium species, visible from lower concentration of trichothecene toxins.
Genetic distance versus resistance/mycotoxin profiles.
The Mantel test was used to calculate the correlation between matrices of genetic dissimilarity and phenotypic dissimilarity. We found a significant correlation of genetic distance between cultivars vs. FHB resistance between cultivars (FHB index, FDK, 'type II' resistance, DON, 3-Ac-DON, NIV; separately from 2010 and 2011) (Fig. 5) . The correlation coefficient calculated using the Mantel test was low. However, it should be taken into consideration that the ISSR marker used in this research shows genetic diversity of wheat cultivars. Significance of correlation of two matrices may suggest that there is some linkage between the ISSR marker used and gene/genes conferring resistance to FHB, earliness or plant height. As shown by Reddy et al. (2002) , ISSR markers were successfully used for gene tagging or used in marker-assisted selection for agronomic traits.
Next, the Mantel test was applied to calculate the correlation between matrices of genetic dissimilarity and mycotoxin accumulation dissimilarity. Regarding noninoculated samples, no relationship was observed between genetic distance between cultivars and concentration of mycotoxins produced by Fusarium species naturally infecting spikes [r(AB) = 0.068]. This could be the effect of low spike infection of control plots. Toxin occurrence and concentration in grain depended mainly on environmental factors, such as microclimate of individual plots and availability of inoculum of certain Fusarium species (Champeil et al., 2004; Leplat et al., 2013; Schuster and Ellner, 2008) . Despite this, we found some significant correlations when analysing separately matrices for trichothecenes A and B (Fig. 6) .
The Mantel test applied to data for samples from F. culmorum inoculated plots revealed a significant correlation between two matrices (Fig. 6 ). The correlation coefficient between two matrices was twice as high as for all phenotypic characters (Fig. 5) . It seems that the strongest linkage was found between the ISSR marker used and gene/genes conferring resistance to accumulation of group B trichothecenes.
Genetic variability revealed by ISSR markers was significantly related to variability of mycotoxin concentration in grain. Thus PCoA analysis was performed to prove that cultivars would be similarly grouped. Wheat cultivars were organized into six distinct groups (Fig. 7) . Most of the cultivars (21) fell into one large group, which was similar to the grouping according to the genetic distance (Fig. 2) .
However, only six cultivars were distant from this large group based on both PCoA analyses. These were: 'Bogatka' (6), 'Markiza' (16) , 'Muszelka' (20) , 'Sukces' (27) , 'Smuga' (26) and 'Turkis' (29) . Two cultivars, which were placed in cluster C1 according to AHC analysis (Fig. 1) , were also distant from the large group. These were: 'Batuta' (4), and 'Figura' (9).
Several quantitative trait loci (QTLs) for resistance to trichothecenes (DON) were identified in wheat (Buerstmayr et al., 2009 ). However, most of them were found in exotic (non-European) sources of resistance such as Chinese 'Sumai 3', Japanese 'Nobeokabozu' or Brazilian 'Frontana'. There is limited knowledge about European wheat gene pools in terms of FHB resistance genes/QTLs (Gervais et al., 2003; Miedaner et al., 2011; Schmolke et al., 2008) . Published results revealed the presence of low effect QTLs associated with FHB resistance. DON accumulation was not evaluated in these studies, but from research on Chinese resistance sources it is known that some QTLs are a gene complex consisting of specific gene(s) controlling type II FHB resistance by detoxification of DON (Handa et Table 1. al., 2008). Our initial results suggest the possibility for use of ISSR for gene tagging and in marker-assisted selection for FHB resistance.
